. Primary human glomerular endothelial cells produce proteoglycans, and puromycin affects their posttranslational modification. Am J Physiol Renal Physiol 288: F748 -F756, 2005. First published December 7, 2004; doi:10.1152/ ajprenal.00202.2004.-This article describes the possible role of the endothelial cell-surface coat, containing proteoglycans (PGs) with connected glycosaminoglycans (GAGs), in maintaining glomerular permselectivity. Primary human glomerular endothelial cells (HGEC) in culture were treated with the nephrosis-inducing agent puromycin aminonucleoside (PAN). Analysis was made by TaqMan real-time PCR, Western blot analysis, and by metabolic labeling with [
THE PERMSELECTIVITY OF THE glomerular filtration barrier is pivotal for the electrolyte and fluid balance in the body. The barrier has both charge-and size-selective properties (35, 36) but the question is where the different components of the barrier are located. Considerable focus has been directed to the glomerular basal membrane (GBM), which is built up by a three-dimensional network of mainly collagen, laminin, nidogen, and proteoglycans (PGs). The GBM has been said to be responsible for both size and charge selectivity (8, 24, 31, 48) , but the charge-selective component has been questioned (4) . Several novel proteins important for permselectivity have recently been discovered in the podocyte slit diaphragm (15, 43, 48) . This has led to the podocyte now being the favorite candidate for constituting the filtration barrier. The endothelial cells of the glomerulus (GEC) are highly fenestrated and have thus not been considered to have prominent restrictive properties, apart from a few observations in the literature (41) . However, endothelial cells in general are covered with a cell-surface coat containing PGs (10, 14, 28, 32, 52) . PGs are constituted of a core-protein to which one or more polyanionic galactose-or glucosaminoglycan (GAG) chains are attached, the latter is heparan sulfate and the former is chondroitin sulfate. Plasma proteins tend to bind to the GAG chains and together they construct an extracellular matrix with both sizeand charge-selective properties. In particular, the plasma protein orosomucoid seems to be vital for maintaining normal capillary permeability (7, 16) possibly via effects on the endothelial structure. It also has been demonstrated that orosomucoid is produced by endothelial cells per se (46). Moreover, using a novel fixation method, Rostgaard and Qvortrup (40) visualized an almost 300-nm-thick filamentous surface coating that appeared to be present over both fenestral and interfenestral surfaces of the glomerular endothelia. In addition, similar observations have been made in other organs (52) .
A recent study from our group showed that enzymatic cleavage of hyaluronic acid and chondroitin sulfate resulted in a decreased amount of negatively charged fibers in the barrier and a significant increase of fractional clearance for albumin in mice. When studying the barrier by electron microscopy after the enzyme treatment, no damage to the glomerular cell structures was seen, which is compatible with the hypothesis that the endothelial cell-surface coat was degraded by the enzymes (22) . Also, we showed that bovine glomerular endothelial cells produce negatively charged PGs containing heparan, chondroitin, and dermatan sulfate and that their synthesis is significantly decreased when exposed to puromycin amino nucleoside (PAN; a nephrosis-inducing agent) (45) . We and others demonstrated that the synthesis of sulfate-containing GAGs by bovine GEC could be induced after stimulation with IL-1␤ (45) or transforming growth factor (TGF)-␤ 1 (25) . This upregulation could be a part of the cell defense by maintaining glomerular permselective properties (24) and may also be of significance in glomerular disorders characterized by matrix expansion. The information of the composition of the endothelial surface coat is still limited. Thus the production of PGs in the glomerular barrier has mainly been studied with metabolic sulfate labeling and enzyme degradation of the GAG chains. The method can reveal what class of GAG the cells produce but it is not possible to tell exactly what sort of PGs they express. It is of interest to investigate which kind of core proteins that are expressed in this system. Different classes of PGs are found extracellularly, transmembranely intercalated in cell membranes or via GPI anchors, and also intracellularly in storage granules (Table 1 ). In the present study, we wanted to explore the details of the PG core proteins produced by the human GECs. We were also interested in the effects of PAN on the PG core proteins and on key transferases involved in the synthesis of PGs, galactose and GAGs.
MATERIALS AND METHODS

Medium and Reagents
Glomerular endothelial cells were cultured in culture flasks (Costar, Cambridge, MA) in a humidified, 5% CO2 atmosphere at 37°C. The culture flasks were coated with attachment-factor (gelatin) from Cascade Biologics (Portland, OR). The medium used was RPMI 1640 with supplements as follows: penicillin, streptomycin, and amphotericin B (PSA solution, 1 ml) from Cascade Biologics, 10% human serum, bovine brain extract (BBE), 700 l from stock solution (BioWhittaker, GTF, Västra Frölunda, Sweden) and 2 g/ml heparin (Lövens, Malmö, Sweden). Collagenase type IV and V (Sigma, St. Louis, MO) were used to digest the whole glomeruli. Stainless steel sieves (Endecotts, London, UK) in the size of 180, 106, and 75 m were used to extract the glomeruli.
Isolation of Glomeruli
Studies were performed on adult human kidney tissue removed by nephrectomy (due to stenosis or tumors). The study was approved by the local ethical committee at Göteborg University (R110 -98). Glomeruli were isolated from healthy tissue under sterile conditions by a gradual sieving procedure done according to the protocol by Ballermann (2) . The collected glomeruli were treated with 1 mg/ml collagenase type IV and V (Sigma). Single cells and cell clusters were plated onto gelatin-coated petri dishes. When the endothelial cell colonies had reached a size of ϳ300 cells, they were transferred to 24-well plates by the use of cloning cylinders.
Characterization
Morphology. Outgrowths from collagenase-treated glomerular remnants and subcultures were examined with a phase-contrast microscope.
Acetylated low-density lipoprotein uptake. The cells were seeded onto chamber-slides (Falcon, Becton Dickinson, Meylan Cedex, France) and allowed to grow under normal conditions until they reached 50% confluence. The medium was removed and Dil-Ac-LDL (10 g/ml; Biomedical Technologies, Stroughton, MD) was added to each well. After incubation for 3 h at 37°C, the cells were washed with 0.01 M PBS, pH 7.4. After fixation with 4% paraformaldehyde for 15 min, the cells were rinsed, mounted, and examined by fluorescence microscopy at 570 nm.
Ulex europaeus agglutinin I staining. The cells were seeded onto chamber-slides. When they reached 30 -50% confluence, they were fixed with 4% paraformaldehyde for 15 min at room temperature (RT). After being rinsed with 0.01 M PBS, the cells were incubated with 2% BSA for 30 min at RT. Rhodamine Ulex europeaus agglutinin I (Vector Laboratories) diluted 1:200 in the blocking solution was applied and the cells were incubated for 30 min at RT. The cells were rinsed, mounted, and examined by fluorescence microscopy at 570 nm. Human dermal fibroblasts were used as negative control cells.
Expression of endothelin-1. The RNA from the cells were analyzed by PCR for the specific sequence for endothelin-1. Sense primer was 5Ј-TGGACATCATTTGGGTCAACA-3Ј and antisense primer was 5Ј-TCTCTTGGACCTAGGCTTCC-3Ј.
Cell Culture and Stimulation with PAN
Human glomerular endothelial cells (passage 4) originally derived from the healthy poles of two kidneys (one male patient born -53 and one female born -48) were seeded into eight 25-cm 2 flasks or two six-well plates and allowed to grow to 70% confluence. Cells in four flasks and one six-well plate were stimulated with PAN (Sigma) at a concentration of 1 M. As control we used four flasks and one six-well plate of nonstimulated cells grown under normal conditions (i.e., "starved" in standard media with 2% human serum and half the amount of BBE). Stimulation was performed for 48 h at 37°C in a humidified, 5% CO 2 atmosphere. After the experiment, cells from two flasks and the six wells for each group were trypsinized and used to prepare total RNA according to the RNeasy Mini protocol (Qiagen, VWR, Stockholm, Sweden). The remaining cells (2 flasks per group) were washed with PBS and then lysed by a buffer containing 1% SDS, Complete mini protease inhibitor (Roche), and 10 mM Tris, pH 7.4.
Real-Time PCR
Reverse transcription of 1 g of RNA from both PAN and control groups was performed in avian myeloblastosis virus reverse transcriptase (AMV RT) buffer with AMV RT, dNTP (deoxy-CTP, -GTP, -TTP, and -ATP), random hexamers, and RNase inhibitor to a final volume of 80 l (all reagents from Roche). The reverse transcription reaction was carried out at 25°C for 5 min, 42°C for 50 min, and 70°C for 5 min. The mRNA level of each PG was quantified by real-time PCR on the ABI Prism 7700 Sequence Detection system (TaqMan, Applied Biosystems ABI, Foster City, CA). Briefly, this assay uses the 5Ј-nuclease activity of Taq polymerase to cleave a reporter dye from a nonextendable hybridization probe during the extension phase of the PCR reaction. This ends the activity of a quencher dye and the reporter dye starts to emit fluorescence which increases in each cycle proportional to the rate of probe cleavage and is monitored in real-time. The threshold cycle (C T) is defined as the fractional cycle number at which the reporter fluorescence reaches a certain level (i.e., usually 10 times the standard deviation of the baseline). Oligonucleotide primers and TaqMan probes were designed by using Primer Express version 1.5 (ABI), based on the GenBank database for syndecan, glypican, versican, decorin, biglycan, and perlecan (Table  2) thase 1 (NM_014918) and for heparan sulfate biosynthesis: NDST (NM_001543), EXT-2 (NM_000127), HST-2 (NM_0012262), HS-3OST1 (NM_014918), HST-6 (NM_004807) were ordered as kits (Assays-on-Demand, ABI). PCR was carried out in a 30-l reaction mix containing a 100-ng sample of cDNA, probe, primers, and 1ϫ TaqMan universal PCR master mix (ABI; containing MgCl 2, dUTP, dATP, dCTP, dGTP, Taq Gold polymerase, and AmpEraseUNG). The AmpEraseUNG was activated before the denaturation step by heating for 2 min at 50°C. Samples were denatured at 95°C for 10 min and then subjected to 50 cycles of two-step PCR (15 s at 95°C, 1 min at 60°C). All samples were amplified simultaneously in triplicate in one assay run. Standard curves were computed for all genes from a series of twofold serial template dilutions from 3,125 through 200 ng (7 concentrations). For each sample, the amount of each target gene and endogenous control was determined from the corresponding standard curves. Log input amount was calculated according to the formula: 10 Ϫ [(cell containing C T value) Ϫ b]/m; where b ϭ y-intercept of standard curve line, and m ϭ slope of standard curve line. Validation of amplification efficiency was made for every primer/probe set and was calculated for each run ( Table 3) . As endogenous control, we used ␤-actin (predesigned assay reagent applied by ABI, external run) to correct for potential variation in RNA loading or efficiency of the amplification reaction. The endogenous control gene was chosen after running eleven housekeeping genes to find the most stable for this material (human endogenous control plate, ABI). As negative control, we used mRNA samples without performing reverse transcription.
Western Blot Analysis
The protein concentration was determined by using the BCAProtein Assay Reagent kit (Pierce, Rockford, IL). Half of the amounts from the protein samples were digested with enzymes: chondroitinase ABC (0.1 U/sample, Sigma), heparitinase I (10 U/sample, Sigma) and heparitinase III (1 U/sample, Sigma) in ABC-buffer (100 mM TrisHAc, 10 mM EDTA, 3 mM CaCl 2, pH 7.3) at 37°C for 7 h. Samples (ϳ10 g of each) were separated on Novex (San Diego, CA) precast 4 -12% Bis-Tris gels for syndecan or 5% Tris ⅐ HCl gels (Bio-Rad, Hercules, CA) for versican and perlecan. After separation, the proteins were transferred to either polyvinylidene difluoride membrane (syndecan) or nitrocellulose membranes (versican and perlecan). Membranes were blocked with 5% nonfat dry milk in TBS-T (30 mM Tris ⅐ HCl, pH 7.5, 100 mM NaCl, and 0.1% Tween 20) . The following primary antibodies, dilutions, and incubation times were used: rabbit anti-syndecan-1 (2 g/ml, 1 h at RT; Zymed, San Francisco, CA), mouse anti-perlecan (2 g/ml, 2 h at RT; Zymed) and rabbit antiversican [1:2,000, 2 h at RT; a kind gift from Dr. D. Zimmermann, Dept. of Pathology, Zurich, Switzerland (54)]. After being rinsed, membranes were incubated with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibody (Amersham Life Science, Amersham, UK). Immunoreactive bands were visualized using ECLϩ (Amersham) and a CCD camera (LAS1,000; Fujifilm, Tokyo, Japan). The intensity of the bands were measured by densitometry (Image Gauge V.3.45) and compared between the groups.
Biolabeling of GAG Sulfate labeling. Human glomerular endothelial cells (passage 5)
were allowed to grow to 70% confluence in 24-well plates before the media was changed. Cells in four wells were stimulated with PAN (1 M) and as control we used four wells of nonstimulated cells grown under normal conditions (i.e., "starved" in standard media with 2% human serum and half the amount of BBE). Stimulation was performed for 48 h at 37°C in a humidified, 5% CO 2 atmosphere. Metabolic labeling of GAGs were obtained by adding 10 Ci/ml of [ 35 A time course study was previously done to determine the metabolic activity of glomerular endothelial cells (45) . After the stimulation, conditioned media were collected for further analysis.
Analysis of PGs Synthesized and Released to the Media
Ion exchange and molecular sieve chromatography. SULFATE LA-BELED MOLECULES. PGs in the media were separated on the basis of differences in charge density, by using an ion-exchange chromatography di-ethyl-amino-ethyl (DEAE)-Sephacel column (0.7 ϫ 2.5 cm, Amersham Bioscience). Cold carrier (4-O-S-Chondroitin sulfate, 100 g, Seikagaku, Tokyo, Japan) was added to each sample to decrease the loss of labeled PGs in the separation process (34) . After application of media containing [
35 S]sulfate-labeled PGs from control and PAN-treated cells, unbound radioactivity was removed from the column by washing with urea buffer, and PGs were eluted with 4 M guanidine hydrochloride, 50 mM NaOAc, 0.2% Triton X-100, pH 5.8, with a flow rate of 1 ml/min. (33) . Fractions containing [
35 S]sulfate were collected and quantified by scintillation counting and subsequently pooled. Pooled fractions were further analyzed by size exclusion chromatography on an S-200 column (10 ϫ 300 mm, flow 0.4 ml/min, Superdex, Amersham Bioscience) in 4 M guanidine hydrochloride, 50 mM NaOAc, 0.2% Triton X-100, pH 5.8 to separate the PGs by their hydrodynamic size. Separated PGs were collected in 0.4-ml fractions and aliquots were quantified by scintillation counting.
COLABELED MOLECULES (
S AND
3 H). The cell media was separated in a serial chromatography step. First, the samples were applied to ion-exchange chromatography (TSK gel, DEAE-5PW, 7.5 mm ϫ 7.5 cm, Tosoh Bioscience, 50 mM phosphate buffer, pH 7.0), where the negatively charged PGs bind to the column and other molecules were wasted. After a 20-min wash period (in same buffer as above), the proteins bound to the ion-exchanger were eluted by a step increase of NaCl concentration from 0 to 1 M to a size-exclusion column (Bio Sep-SEC-S3000, 300 ϫ 7.8 mm, in 50 mM phosphate buffer, pH 7.0) at a flow rate of 0.5 ml/min. Separated PGs were collected in 0.5-ml fractions and aliquots were quantified by scintillation counting.
The size-exclusion columns were calibrated by using the LMW and HMW kits from Amersham Bioscience.
Size Characterization of GAG Chains
We treated the colabeled PG fractions with alkali-borohydrate (1 M NaBH 4 and 0.2 M NaOH) to cleave the binding between the GAG chains and the core proteins. The reaction was stopped by adding an equal volume of 0.2 M NaOH. GAG chains were precipitated (95% ethanol) and then separated on a size-exclusion column (Superdex 75, 10 mm ϫ 30 cm, Pharmacia, in 4 M Guanidine/HCl, 0.2% Triton X-100, 50 mM NaOAc, pH 5.8) at flow rate of 0.4 ml/min. Separated GAG chains were collected in 0.4-ml fractions and quantified by scintillation counting.
Statistics
Results are presented as means Ϯ SE, and differences were tested using the Student's t-test pair design.
RESULTS
Glomerular Endothelial Cell Culture
The glomerular cells started to appear after approximately 1 wk, small colonies of different morphology of which about 1/5 was of endothelial origin. The cells were of endothelial origin as judged by light microscopy, by endocytosis of the endothelial cell-specific marker Dil-Ac-LDL, and by expression of the endothelial cell-specific lectin Ulex europaeus agglutinin as observed by fluorescence microscopy (Fig. 1) . RT-PCR revealed that the cells expressed endothelin-1 (data not shown). No significant difference in number of cells or amount of RNA and protein was seen between the two groups after the experiment, confirming that there is no toxic effect by puromycin aminonucleoside at the concentration used (26) .
Gene Expression Analysis
Core proteins. The following PGs were tested in the TaqMan real-time PCR analysis system and were found to be expressed in the human glomerular endothelial cells: syndecan, versican, glypican, perlecan, decorin, and biglycan ( Table 1 ). The expression of versican was downregulated by 37 Ϯ 6% (means Ϯ SE) in the PAN-treated group compared with the control (P Ͻ 0.001, n ϭ 8). We could not see any significant difference in expression between the groups (control and PAN) for the other core proteins analyzed (Fig. 2A) .
Transferases. Enzymes important for the degree of sulfation and the length of the GAG chains were also analyzed by real-time PCR. In galactosaminoglycan assembly, chondroitin 4-O-sulfotransferase was downregulated by PAN by 34 Ϯ 7% (P Ͻ 0.01, n ϭ 8) but not the 6-O-sulfotransferase. In addition, PAN downregulated the chondroitin synthase 1 by 25 Ϯ 6% (P Ͻ 0.05, n ϭ 6). Two of the GAG enzymes important for the heparan sulfate (HS)-biosynthesis were also affected: HS-ST6 (68 Ϯ 4.5% of control) and HS-3-OST1 (65.5 Ϯ 5% of control, P Ͻ 0.01, n ϭ 6; Fig. 2B ). The other enzymes tested (CS-6-O-ST, NDST, EXT-2, and HST-2) seemed to be unaffected by the treatment.
Efficiency. Validation of amplification efficiency was made for every primer/probe set and was calculated for each run from the corresponding standard curve, see Table 3 . By using the standard curve equation [instead of comparative C T (⌬⌬C T ) relative quantification method], we correlate for the differences in reaction efficiency between the target gene and the endogenous control gene.
Protein Expression by Western Blot Analysis
Syndecan, versican, and perlecan were expressed by the human glomerular endothelial cells as revealed by Western immunoblot analysis (Fig. 3) . The versican antibody detects the V 0 and V 1 splice variants (ϳ370 and ϳ260 kDa). When comparing the density of the enzyme-digested samples blotted for versican, we observed a 25% lower intensity in the PANtreated cells compared with control. Syndecan (90 kDa) and perlecan (Ͼ400 kDa) were unaffected by the PAN treatment, a result in line with mRNA data.
PG Synthesis in the Culture Media
Sulfate labeling. The extracellular PGs in the conditioned medium from both control and PAN-stimulated cells were separated from other extracellular matrix molecules by charge density on a DEAE column. As shown in Fig. 4A , the total amount of labeled sulfate-containing PGs was drastically lower in the PAN-treated group compared with control (reduced by 60%). Further analysis of the peak fractions by size exclusion chromatography revealed that the two groups contained similar type of molecules. The PGs in the media seemed to be very large, 250 -450 kDa, which suggests versican and/or perlecan.
Colabeling with sulfate and tritiated glucosamine. Extracellular PGs in the conditioned medium from both control and PAN-stimulated cells were separated by both charge (on a DEAE column)-and by size-exclusion chromatography. As shown in Fig. 4B , the amount of large (Ͼ55 Å ), sulfatecontaining PGs was lower in the PAN-treated group compared with control (reduced by 40%). When measuring 3 H-labeled GAG chains, we saw a reduction of 50% after PAN treatment (Fig. 4B) .
Size Characterization of the GAG Chains
When analyzing the size of the GAG chains by size-exclusion chromatography, we could see a difference in the elution profile after PAN treatment. For the control cells, 25% of the GAG chains were in the size range of ϳ40 kDa or greater, whereas the activity in the same fractions for PAN-treated cells was almost undetectable. In the smaller size ranges (ϳ14 kDa), we saw a delayed peak for the PAN-treated cells compared with control cells, indicating a reduced length of the GAG chains (Fig. 5) .
DISCUSSION
Our study is the first to describe that the human glomerular endothelial cells (HGEC) express several different classes of PG core proteins. We have found that 1) HGECs express mRNAs for several PGs: syndecan, versican, glypican, perle- can, decorin, and biglycan (both heparan and chondroitin sulfate containing). In addition, we showed at the protein level that HGECs synthesize and export syndecan, perlecan, and versican core proteins. The secreted PGs bind to structures and receptors situated on the cell-surface and they also interact with the GAG chains of other PGs (20, 51) . Turley and Roth (49) showed in 1980 that there is an interaction between carbohydrate chains of hyaluronate and chondroitin sulfate.
2) The nephrosis-inducing agent PAN (18, 37) decreased both the mRNA expression (by 37%) and the protein expression (by 25%) of versican compared with control. Versican belongs to the family of hyaluronan-binding PGs that is collectively termed "hyalectans," and these PGs are extracellular matrix components (20, 30) . Pericellular matrix expansion involves the interaction of versican with several binding proteins and can be stimulated by growth factors such as PDGF and TGF-␤ 1 (51) . A decrease in versican could therefore result in a decrease of the pericellular matrix hence reducing the net negative charge of the cell-surface coat and/or the glomerular basement membrane. 3) In addition, PAN affected the enzymatic machinery behind the biosynthesis of chondroitin sulfate along the galactosaminoglycan biosynthetic pathway. Among the effects seen was a downregulation of the 4-O-sulfotransferase (CSST4) by 34%. CSST4 adds sulfate to the fourth carbon position on GalNac residues. This downregulation will reduce the total negative charge of versican, as no compensatory upregulation by other sulfotransferases (i.e., CS-6-O-sulfotransferase) is seen. Because versican normally carries CS, sulfotransferases acting on dermatan sulfate GAGs can be disregarded. It should, however, be noted that 4-O-sulfation on GalNac is a prerequisite for dermatan sulfate stability by locking the L-iduronic acid in its energetically unfavorable L-form (29) . This prevents the iduronic acid to switch back to its C-5 epimer in chondroitin sulfate, glucuronic acid (GlcA). With this in mind, it is also likely that decorin and biglycan (small PGs capable of carrying either dermatan or chondroitin sulfate) in this case mostly carry chondroitin sulfate chains (10, 20) . Moreover, PAN downregulated the enzyme CS synthase, responsible for the elongation of the GAG chains, by 25%. Thus PAN induced a loss of negative charge by versican core protein downregulation, a loss of negative charge per versican molecule, and possibly a stereochemical alteration of the CS/DS content of the endothelial matrix. This indicates a total deorganization of the matrix, where the alteration of biological function can be expected to be severe in the context of tissue function. 4) Both syndecan and glypican are membrane bound and may be important for the structure of the GEC surface coat by acting as anchors for the pericellular gel structure (3). Glypican is heavily involved in cell-to-cell contact and morphogenesis (9). As described above, we could not detect changes in glypican expression, consistent with our observation that PAN (in this concentration) did not affect cell morphology. Syndecans have, in addition to many other functions, similar characteristics for cellular behavior including cell signaling (44) . Similar to glypican, the syndecan expression was not affected on the core protein level. However, the observed downregulation of HS-ST6 and HS-ST3 could result in a decreased charge density on the immediate cell surface of the membrane bound PGs as well. It may also have biological importance for the binding of cytokines (such as FGF) in similar ways earlier reported (27) . 5) The analysis of the cell media revealed that the glomerular endothelial cells produce a large amount of sulfate-containing GAGs. Versican and/or perlecan were the major core proteins found in the media. PAN reduced the total amount of sulfate-labeled PGs by 60%. When analyzing the larger molecules (Ͼ55 Å ), we saw a 40% reduction of sulfate and a 50% decrease of tritiated glucosamine. This reduction is caused by loss in the amount of sulfate groups and by a reduced length of GAG chains due to downregulation of the enzymes mentioned above in combination with the decrease in versican expression. 6) Puromycin did not seem to affect the mRNA expression of the core proteins syndecan, glypican, decorin, biglycan, or perlecan. Neither did PAN affect the enzymes CS-6-O-ST, NDST, EXT-2, and HST-2.
A decreased synthesis of GAGs could increase the permeability of the layer covering the fenestrae and hence increase the sieving of macromolecules (17) . In fact, effects of PAN on glomerular endothelial cell fenestrations have been described earlier by Avasti and Evan (1) but they reported the fenestrae to be decreased in size and number during PAN-induced nephrosis, as seen by TEM/SEM.
The role of glomerular endothelial cells for the charge and size selectivity of the filtration barrier in the kidney has been argued for several years. Recent functional studies from our laboratory (18, 22) are in qualitative agreement with the classical studies of a significant negative charge barrier, albeit with a lower charge density (50 vs. 100 -150 meq/l) (47) . However, when studying the charge barrier in vitro, experiments are conducted mainly on mesangial and epithelial cells to measure their production of negative charged molecules, i.e., PGs and glycoproteins (11, 13) . Furthermore, isolated glomerular basement membranes showed some size but lacked charge selectivity in vitro (4), which has been taken as evidence of its limited role in the glomerular charge barrier. However, the isolation procedure may change the composition of the basement membranes and their permeabilities seem to partially depend on the hydrostatic pressures applied (38) . In any case, knockout mice lacking the heparan sulfate chains of perlecan (the principal PG of the GBM) do not develop any kidney malfunction, such as proteinuria (39) . There are other components, such as agrin, in the GBM which also might be of importance for the charge-selective properties of the barrier.
Anionic sites have also been demonstrated on glomerular epithelial cells (12) . The importance of the GAGs is illustrated in a study where the gene for one of the enzymes responsible for site-specific sulfation of heparan sulfate (HS 2-O-sulfotransferase) was knocked out. The mice did not develop any kidneys, as a result from failure of ureteric bud branching and mesenchymal condensation, and they died shortly after birth (5) .
It is already known that endothelial cells express different PG core proteins such as versican (6) , perlecan (50), syndecan (3, 19) , biglycan (23), glypican (3), and decorin (21). These 3 H]glucosamine in GAG chains after alkali-borohydrate treatment when separated by size-exclusion chromatography. The elution profile was changed after PAN treatment with a delayed peak, indicating shorter length of the GAG chains. studies were made in macrovascular endothelial cells, mainly from the aorta and the umbilical vein. However, there seem to be differences between endothelial cells originating from different vasculature (6, 53) . The only study to describe human glomerular endothelial cell PG production is from Schaefer et al. (42) where they showed an expression of biglycan by using in situ hybridization. On the other hand, they did not find any expression of decorin. The present paper is therefore the first to demonstrate that glomerular endothelial cells produce several different classes of PGs.
We conclude that human GECs produce several different classes of PGs. The nephrosis inducing agent PAN downregulates the expression of only one core protein (versican) but has severe effects on foremost key galactosaminoglycan chondroitin sulfate transferases and some sulfation-linked effect on glucosaminglycan heparan sulfate biosynthesis. The overall effect in this context is less sulfate groups, shorter GAG chains, and reduced PG net negative charge. It is therefore conceivable that certain nephrotic conditions may be due to endothelial dysfunction with altered cell-surface coat composition.
